Recent research on nonlinear multimode interference (NL-MMI) based modelocking method provides a new approach for ultrafast all-fiber lasers. Here, we report on the polarization dynamics of group velocity locked vector solitons (GVLVSs) and noise-like vector pulses (NLVPs) in a graded-index multimode fiber (GIMF) based all-fiber laser. Due to the non-polarization sensitive characteristic of the NL-MMI, emitted pulses automatically evolve into the vector multi-pulse complexes constituting two orthogonally polarized components. Beyond the traditional polarization resolved measurement, dispersive Fourier transform (DFT) and polarization beam splitting techniques are jointly adopted to enable insights into the transient polarization dynamics of the vector solitons. It is found in real time that the two orthogonally polarized components oppositely shift their central wavelengths to compensate the polarization dispersion. In addition, stationary and pulsating NLVPs are respectively unfolded by the DFT based polarization resolved measurement. Especially, the pulsating NLVPs before and after polarization resolved measurement are accompanied with the identical periodic spectral breathing process. All these findings reveal the vectorial nature in NL-MMI based ultrafast fiber lasers, as well as highlight the transient polarization dynamics and the long-term pulsation in dissipative systems.
Introduction
Ultrafast fiber lasers have been extensively studied for both providing the widespread applications in optical communications, micromachining, biomedicine, and serving as an experimental platform towards the exploration of nonlinear dynamics [1] - [4] . Compared to active mode-locking techniques, passive mode-locking techniques possess the advantages of compactness, flexibility and improved performance. Therefore, various passive mode-locking techniques have been employed in ultrafast fiber lasers, such as nonlinear polarization rotation (NPR) [5] , nonlinear amplified loop mirror (NALM) [6] , nonlinear optical loop mirror (NOLM) [7] , semiconductor saturable absorber mirror (SESAM) [8] , carbon nanotube (CNT) [9] , graphene and transition metal dichalcogenides (TMDs) [10] . Recently, nonlinear multimode interference (NL-MMI) has been manifested in multimode fiber (MMF) [11] . Different from the MMI in linear regime, nonlinear effect induced phase shift additionally plays a role in the transmission of the NL-MMI, thus bringing about the function of nonlinear intensity modulation [12] . Hereby, the NL-MMI, interpreted as an equivalent fast saturable absorber (SA) can be also utilized for ultrashort pulse generation with unprecedented energy in passively mode-locked fiber lasers. In particular, graded-index multimode fiber (GIMF) was demonstrated to act as SA in an erbium-doped fiber laser by G. Chen [13] . By stretching the GIMF, controllable modulation depth of the SA device was achieved as the length of GIMF is a crucial parameter in NL-MMI [14] . In order to circumvent this limitation, step-index multimode fiber (SIMF) [15] and non-core fiber (NCF) [16] were proposed to expand the diameter of mode field, thus optimizing the performance of the NL-MMI based mode-locking. It is demonstrated that the GIMF based fiber laser can emit various solitons such as conventional solitons (CSs) [13] - [15] , dissipative solitons (DSs) [16] and stretched pulses (SPs) [13] . In addition, soliton molecules were also observed in a fiber laser mode-locked by the hybrid structure of NCF-GIMF [16] . The temporal separation intra molecules can be flexibly controlled by stretching the mode-locking device. Thus it can be seen that the NL-MMI based ultrafast fiber lasers can also provide an optimal platform for investigating the profound soliton dynamics.
When the freedom of vectorial nature of light is released, the framework of vector solitons is founded beyond their scalar counterparts. Governed by the coupled Ginzburg-Landau Equation (GLE), the vector soliton is essentially a multi-pulse complex at polarization directions [17] . The two orthogonally polarized components can trap each other and propagate as a non-dispersive unit in the laser cavity by oppositely shifting their central frequencies with respect to the net birefringence [18] - [20] . Since the first report on vector solitons in 1997, varieties of vector solitons with vivid polarization dynamics such as polarization locked vector solitons [21] - [24] , [26] , polarization rotating solitons [23] - [25] , high-order vector solitons [26] and vector soliton molecules [23] , [27] , [28] , have been observed in polarization non-discriminated mode-locked fiber lasers. Besides, group-velocity locked vector solitons (GVLVSs) were proposed by L. M. Zhao in 2008 [29] . Two sets of Kelly sidebands are interpreted as the distinct spectral feature for this kind of vector solitons. More recently, dispersive Fourier transform (DFT) technique has been developed to trace the real-time evolution of ultrashort pulses in ultrafast lasers by mapping the spectral information into the time domain [30] - [32] . The shot-to-shot spectral views can also enable the insights into the transient polarization dynamics of vector solitons. Particularly, both polarization locking and polarization rotation of these two orthogonally polarized components have been experimentally verified, which uncovers the rich dynamics and intriguing behaviors excluded by the time-averaged measurements. As expected, the investigation of vector solitons is of twofold significance. At applied level, the vector multi-pulse complexes spread the promising applications from nano-optics to polarization division multiplexing based high-capacity fiber optic communications. For scientific interest, the polarization dynamics will strengthen the understanding towards vectorial nature of ultrafast fiber lasers.
Apart from the operation regime of regular pulses, passively mode-locked fiber lasers can also deliver the so-called noise-like pulse (NLP), which is essentially a pulse envelope consisting of a bunch of random femtosecond ultrashort pulses [33] - [35] . The NLP is characterized by a broadband and smooth optical spectrum, which is strongly averaged when using optical spectrum analyzer. These unique properties both in time and spectrum domains accelerate the potential applications in optical communication, optical coherent tomography and optical sensing. Since the first report by M. Hororwitz in 1997 [33] , NLPs have been extensively studied in fiber lasers based on various mode-locking mechanisms [36] - [39] . Recent work demonstrated the NLP emission from a NL-MMI based fiber laser. In anomalous-dispersion regime, the formation mechanism of NLPs originates from the collapse effect of CSs [37] . Therefore, the NLP may inherit some nonlinear behavior of these regular pulses. Especially, the polarization dynamics of vector solitons reminisces the trapping of NLPs. Z. Luo reported the noise-like vector pulse (NLVP) in a figure-eight fiber laser [40] . It is found that central wavelength shift also occurs for the two orthogonally polarized NLPs. Moreover, the real-time spectra of the NLPs were investigated by using the DFT technique [41] , [42] . Different from the averaged spectrum, the shot-to-shot spectra of the NLPs exhibited drastic and stochastic spectral evolution in each roundtrip, which can also be considered as the unique characteristics of NLPs. The investigation of NLVPs will shed a new light on the vectorial nature of ultrafast fiber lasers beyond the regular-pulse regime.
Indeed, NL-MMI based mode-locking mechanism is of polarization non-discrimination, and the emitted pulses are intrinsically vector pulses. In this paper, we investigate the polarization dynamics of GVLVSs and NLVPs in a NL-MMI based passively mode-locked fiber laser. The geometry of SMF-GIMF-SMF is used to initialize the mode-locking, which ensures the vectorial evolution of the pulses. Particularly, GVLVSs with two sets of Kelly sidebands are delivered under moderate birefringence. Assisted with the DFT based polarization resolved measurement, we get insight into the transient polarization dynamics of the GVLVSs. In addition, NLVPs are also investigated beyond the operation regime of regular pulses. Both the stationary and pulsating NLVPs are respectively recorded by the DFT based polarization resolved measurement. The investigation of GVLVSs and NLVPs unveils the vectorial nature in NL-MMI based ultrafast fiber lasers.
Experimental Setup
The schematic diagram of the NL-MMI based fiber laser is depicted in Fig. 1 . In the laser cavity, a 3-m erbium-doped fiber (EDF, OFS EDF-80) is utilized to provide the optical gain, which is pumped by two 980-nm laser diodes (LDs) through two wavelength-division-multiplexers (WDM). A 40 cm GIMF with 1 cm twisted segment of 333 µm period is adopted to initialize the mode-locking. The zoom-in diagram of the SMF-GIMF-SMF structure is presented in the inset 1 of Fig. 1 . The twisted segment may facilitate the NL-MMI by expanding the diameter of mode field. Two polarization controllers (PCs) are deployed at both the two sides of the SMF-GIMF-SMF structure to adjust the polarization states and the net birefringence of the laser cavity. A polarization independent isolator (ISO) ensures the unidirectional operation in the ring cavity. The emitted pulses are output from the 10% port of a 10:90 output coupler (OC).The total cavity length is ∼23.3 m, consisting of ∼19.8 m SMFs with anomalous dispersion of −0.023 ps 2 /m (@1550 nm), a 40 cm GIMF with anomalous dispersion of −0.028 ps 2 /m (@1550 nm) and a 3-m EDF with normal dispersion of +0.061 ps 2 /m (@1550 nm). Thus the net cavity dispersion is around −0.28 ps 2 , indicating that the fiber laser operates in the anomalous-dispersion regime. The time-averaged optical spectra of the output pulses are measured by an optical spectrum analyzer (YOKOGAWA, AQ6370C). A high-speed oscilloscope with 33 GHz bandwidth (Agilent Technologies, DSA-X 93304Q) together with a fast photodiode (PD, bandwidth 12 GHz, New Focus, 1544) is utilized to record the pulse trains.
In addition, dispersive Fourier transform (DFT) and polarization beam splitting techniques are jointly adopted to enable the transient polarization resolved measurement. As shown in Fig. 1 , a fiber-pigtailed polarization beam splitter (PBS) is utilized outside the laser cavity to implement the traditional polarization resolved measurement according to our previous works [27] . Particularly, a 15-km SMF with a total dispersion of −345 ps 2 is adopted to stretch the polarization resolved pulses, further capturing the shot-to-shot spectra by the DFT technique. The inset 2 illustrates the schematic of the DFT process and the DFT based polarization resolved measurement. The realtime spectral information of the two orthogonally polarized components are mapped into the time domain, which can enable the transient polarization dynamics of the vector solitons. Especially, the proposed method paves a new way to get insight into the vectorial nature of GVLVSs characterized by two sets of Kelly sidebands.
Results and Discussion
Self-started mode-locking can be achieved by increasing the pump power above the threshold of 100 mW and appropriately adjusting the two PCs in the laser cavity. Due to the non-polarization sensitive characteristic of the NL-MMI, the emitted pulses automatically evolve into the vector solitons. Through increasing the pump power to 730.7 mW, a stable harmonic mode-locking state is obtained as depicted in Fig. 2 . The time-averaged optical spectrum of the vector solitons is displayed in Fig. 2(a) . The central wavelength is ∼1563.7 nm, and the 3-dB bandwidth is ∼6.6 nm. Particularly, two sets of Kelly sidebands with a wavelength spacing of 0.84 nm are observed on the spectrum, indicating the formation of the GVLVSs under moderate net birefringence. The corresponding pulse train is presented in Fig. 2(b) . It is found that these pulses are evenly spaced in one roundtrip with the time interval of 3.33 ns, declaring the 36th-harmonic modelocking state. In order to verify the stability of the mode-locking, 100 traces scanning of the time-averaged spectra is 2D plotted in Fig. 2(c) with a time interval of 5 min. Thus, this operation state is highly stable with respect to the time-averaged spectral information. It provides an optimal scenario for unveiling the transient polarization dynamics.
By decreasing the pump power to 107 mW, fundamental mode-locked GVLVSs are obtained. The distinct indicator of two sets of Kelly sidebands can be also readily observed, as presented by the solid black line in Fig. 3(a) . Next, traditional polarization-resolved measurement is employed for the time-averaged spectrum to get insight into the polarization dynamics of the GVLVSs. Figure 3(a) shows the polarization resolved time-averaged spectra of the fundamental mode-locked GVLVSs. "Total" refers to the direct output pulses, while "Horizontal axis" and "Vertical axis" represent the pulses from the two outgoing branches of the PBS, respectively. Through carefully adjusting the extra-cavity PC, each component along the two orthogonally polarized axes corresponds to one set of the Kelly sidebands as illustrated in the inset of Fig. 3(a) . Thus it can be seen that these two polarized components shift their central wavelengths to compensate the polarization dispersion for soliton trapping state. Figure 3 (b) presents the oscilloscope traces before and after polarization resolved measurement. The time intervals are all ∼116.2 ns, agreeing well with the cavity length of 23.3 m. Moreover, it is observed that the ratio between the pulse intensities of two components does not vary over roundtrips, implying that the formed GVLVSs possess a fixed polarization state during propagating in the laser cavity. It should be noted that the aforementioned results are just inferred by the time-averaged recordings. The underlying transient polarization dynamics should be unfolded in terms of the real-time polarization resolved measurement.
The DFT based polarization resolved measurement is adopted to map the spectral information of the two orthogonally polarized components into the time domain. Hereby, we can implement a real-time access to the transient polarization dynamics of the GVLVSs. The mode-locking state mentioned in Fig. 2 is adopted for the DFT based polarization resolved measurement. Figure 4(a) depicts the corresponding linear optical spectrum of the GVLVSs. The 2D contour plot of the shot-to-shot spectra with 860 roundtrips is provided in Fig. 4(b) . It is found that the two sets of Kelly sidebands agree well with the time-averaged linear spectrum. Figures 4(c) and (d) respectively present the 2D contour plots of the shot-to-shot spectra along the two orthogonally polarized axes. Each component corresponds to one set of the Kelly sidebands of the total spectra. The two bright fringes remaining unchanged indicate that the two orthogonally polarized components are of stationary relations. Moreover, it can be seen that the central wavelength of these two components are different. They oppositely shift their central wavelengths to compensate the polarization dispersion, further stabilizing the conventional soliton trapping state. The averaged spectrum over all roundtrips of the GVLVSs is depicted in Fig. 4(e) , which agrees well with the time-averaged spectrum in Fig. 4(a) . Meanwhile, the single-shot spectra of the GVLVSs and their two polarized components are respectively presented in Fig. 4(f) , (g) and (h). It is found that the transient spectrum of only one roundtrip also show the same polarization dynamics of the GVLVSs as the time-averaged measurement. For the first time, we employ DFT based polarization resolved measurement to get insight into the vectorial nature of GVLVSs in real time.
At the pump power of ∼1.6 W, the NLP operation state is obtained by adjusting PCs in the laser cavity. Figure 5(a) shows the spectrum of the NLP regime, as indicated by the much broader and smoother average spectrum than the spectrum of CSs. The oscilloscope traces of the fundamental mode-locked NLPs are depicted in Fig. 5(b) with a pulse interval of 116.2 ns, which agrees with the fundamental repetition frequency. The zoom-in plot of one single NLP is depicted in Fig. 5(c) . This pulse is characterized by a nanosecond envelope, intrinsically composed of a bunch of random femtosecond ultrashort pulses. Given that the time-averaged smooth spectrum conceals the underlying information of NLPs, the DFT technique is employed here to investigate the real-time spectra of the NLPs. The 2D contour plot of the shot-to-shot spectra is presented in Fig. 5(d) , and the single-shot spectrum of roundtrip 1 is illustrated in Fig. 5(e) . In obvious contrast to the uniform spectral profile of GVLVSs, the real-time spectra of NLPs exhibit obviously stochastic spectral evolution in each roundtrip. The shot-to-shot spectra agree well with the results reported in the previous works [41] , [42] , further confirming that the generated pulses are NLPs. Indeed, the NLPs originate from the collapse of the vector solitons, implying the vectorial nature of the NLPs.
Next, the DFT based polarization resolved measurement is adopted to explore the transient polarization dynamics of the NLVPs. Due to the absence of the Kelly sidebands, it is hard to discriminate the two orthogonal polarized components. Here, real-time polarization evolution is unfolded for the NLVPs. By carefully adjusting the extra-cavity PC, polarization resolved results are obtained under three different states. Particularly, Fig. 6(a) All the real-time spectral information possesses the similar features characterized by stochastic spectral evolution in each roundtrip as illustrated in Fig. 5(d) . Besides, no polarization rotation process is observed along roundtrips, which manifests that the NLVPs are of stationary states with respect to the polarization dynamics. The NLPs are intrinsically composed of a bunch of ultrashort pulses intra the pulse envelope. Hence, the polarization dynamics should be dominated by these ultrashort pulses, which can explain the similar polarization locking state of both the GVLVSs and NLPs. These observations are beneficial for supplementing the framework towards vectorial nature of ultrafast fiber lasers especially in NLP operation regime. present the time-average spectra and the 2D contour plot of the oscilloscope traces. It is found that the pulse intensity of the NLVPs pulsates with a period of 110 roundtrips. To enable the insight into the spatial-spectral information, the DFT technique is adopted for the NLVPs. The corresponding shot-to-shot spectra are also characterized by pulsating evolution with the identical period of 110 roundtrips. Figure 7(d) depicts the single-shot spectra from roundtrip 80-roundtrip 215 with an interval of 15 roundtrips. The chaotic spectral structure and the stochastic evolution indicate that the NLVPs pulsate along roundtrips without transformation of the pulse type. Assisted with the DFT based polarization resolved measurement, the transient evolution of NLPs along the horizontal and vertical axis is uncovered. Figures. 7(e ) and (f) respectively depict the 2D contour plots of the polarization resolved shot-to-shot spectra (the red line and blue line of Fig. 7(a) illustrate the time-averaged spectra). The two shot-to-shot spectra exhibit the identical pulsation process. Thus it can be seen that the two orthogonally polarized components of the NLVPs are trapped together and synchronously pulsate. Indeed, the NLPs possess chaotic spectral structure, which randomly evolves by each roundtrip. The pulsation phenomenon [43] , [44] is an intriguing behavior of long-term intensity evolution with respect to tens even hundreds of roundtrips. The investigation of pulsating NLVPs sheds a new light on the transient evolution even chaos in ultrafast fiber lasers with the freedom of vectorial degree.
Conclusion
In conclusion, we report on the polarization dynamics of GVLVSs and NLVPs in a NL-MMI based allfiber laser. Due to the polarization non-discrimination of the SMF-GIMF-SMF based mode-locking mechanism, vectorial evolution dominates the pulse formation inside the fiber laser. Assisted with the DFT based polarization resolved measurement, transient evolution of the GVLVSs and NLVPs are respectively unfolded. In particular, the two orthogonally polarized components of the GVLVSs are of stationary relations. They oppositely shift their central wavelengths to compensate the polarization dispersion, further stabilizing the conventional soliton trapping state. Moreover, both stationary and pulsating NLVPs are respectively obtained. The consecutive recording of the chaotic spectral structures indicates that the NLVPs inherit the similar polarization dynamics of the GVLVSs. Especially, the NLVPs can also pulsate without transformation of the pulse type with a period of 110 roundtrips. All these findings supplement the framework of the vectorial nature in NL-MMI based ultrafast fiber lasers, as well as shed a new light on the transient polarization dynamics and long-term pulsation of ultrashort pulses.
